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Objective: Plain radiography has been the mainstay of imaging assessment in osteoarthritis for over 50
years, but it does have limitations. Here we present the methodology and results of a new technique for
identifying, grading, and mapping the severity and spatial distribution of osteoarthritic disease features
at the hip in 3D with clinical computed tomography (CT).
Design: CT imaging of 456 hips from 230 adult female volunteers (mean age 66  17 years) was reviewed
using 3D multiplanar reformatting to identify bone-related radiological features of osteoarthritis, namely
osteophytes, subchondral cysts and joint space narrowing. Scoresheets dividing up the femoral head,
head-neck region and the joint space were used to register the location and severity of each feature
(scored from 0 to 3). Novel 3D cumulative feature severity maps were then created to display where the
most severe disease features from each individual were anatomically located across the cohort.
Results: Feature severity maps showed a propensity for osteophytes at the inferoposterior and supero-
lateral femoral headeneck junction. Subchondral cysts were a less common and less localised phe-
nomenon. Joint space narrowing <1.5 mm was recorded in at least one sector of 83% of hips, but most
frequently in the posterolateral joint space.
Conclusions: This is the ﬁrst description of hip osteoarthritis using unenhanced clinical CT in which we
describe the co-localisation of posterior osteophytes and joint space narrowing for the ﬁrst time. We
believe this technique can perform several important roles in future osteoarthritis research, including
phenotyping and sensitive disease assessment in 3D.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Plain radiographs have been used to diagnose and grade the
severity of hip osteoarthritis for more than half a century. Radio-
graphic joint space width (JSW) is currently the only accepted
quantitative endpoint measure in early disease modiﬁcation ther-
apy trials1, while Kellgren & Lawrence’s (K&L) grading has been the
preferred method for the assessment of radiological osteoarthritis
severity, particularly in clinical and epidemiological research2e5.
Radiographs are the frontline imaging modality in clinical
practice, but they have also allowed researchers to discover pat-
terns of disease in hip osteoarthritis, such as the relationship be-
tween osteophyte distribution and femoral head migration6,7.T.D. Turmezei, Department of
reet, Cambridge CB2 1PZ, UK.
Turmezei).
ternational. Published by Elsevier LAlthough minimum JSW and K&L grading are associated with an
increased risk of total hip replacement (THR)8, associations be-
tween K&L grade and symptomatic osteoarthritis are less clear.
Furthermore, K&L grading is based on 2D radiographs that not only
introduce geometric distortion but are also unable to fully reﬂect
3D structure of the hip. This, among other factors, means that
interpretation and application of K&L grading can be inconsistent9,
making it a sub-optimal biomarker for disease evaluation.
From a 3D perspective, full topographic representation of the
hip can be achieved with cross-sectional magnetic resonance im-
aging (MRI) and computed tomography (CT). Hayashi et al. (2012)
have shown that tomosynthesis (a form of radiography that en-
compasses aspects of 3D information) has better sensitivity for
detecting subchondral cysts and osteophytes than plain radiog-
raphy10. The importance of 3D hip and knee assessment in osteo-
arthritis has been reﬂected in the development of several semi-
quantitative MRI scoring systems. These have most frequently
been applied to the knee11e14, but one has been created for the hip,td. All rights reserved.
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HOAMS study showed that MRI is a reliable modality for imaging
soft tissue structures such as cartilage, synovium, ligaments and
bone marrow lesions. However mineralised features such as
osteophytes, subchondral cysts, subchondral bone density are
clearly represented in CT on account of excellent deﬁnition with
this modality16e18. This is very much in line with previous ratio-
nales that have considered how CT may not only enhance visual-
isation of such “cardinal signs” of osteoarthritis, but also how it may
contribute to our understanding of the disease19,20. Arden et al.
(2009) have also recommended that researchers consider femoral
osteophytes and JSW when deﬁning incident radiographic hip
osteoarthritis21, both features that can be visualised and recorded
with CT in detail.
This is the ﬁrst of two papers that considers the assessment of
hip osteoarthritis with unenhanced clinical CT. Here we present a
new descriptive technique for mapping the severity and spatial
distribution of features associated with hip osteoarthritis in 3D
from multiplanar reformats of clinically acquired CT data. We
present the cumulative results from our cohort of female volun-
teers using novel 3D-based feature severity maps.Methods
Demographics
This study was performed using clinical CT examinations ac-
quired from female volunteers acting as control participants in
existing Cambridge trials investigating hip fracture risk from
cortical bone thickness measurements. All participants were free of
hip fracture, metastatic bone disease, and unilateral metabolic bone
disease. Each had given informed consent for analysis of their hip
and pelvic imaging data. No clinical information was recorded on
the clinical assessment of osteoarthritis or related symptoms such
as hip pain or reduced mobility. CT examinations were reported by
a consultant radiologist as part of the routine clinical care of pa-
tients involved in Cambridge studies (FEMCO: LREC 07-H0305-61;
MRC-Hip fx and MRC-Ageing: LREC 06/Q0108/180; MRC-Stroke:
LREC 01/245; ACCT-1: LREC 04/Q0108/257). Imaging of 247 fe-
male volunteer control participants was available for review.
Seventeen of these were excluded on account of: unilateral hip
metalwork causing imaging artefact (n ¼ 9); lack of complete de-
mographic data (n ¼ 5); excessive image noise (n ¼ 1); no image
ﬁles for a registered trial attendant (n¼ 1); or corrupt imaging data
ﬁles (n ¼ 1). The ﬁnal combined cohort of 230 females had a
mean standard deviation age of 66 17 years, ranging from 20 to
95 years. Mean weight of the participants was 69.3  14.2 kg. Im-
aging of only one hip was available in four individuals, so a total of
456 hips were included in the analysis.Image acquisition and review
Imaging was acquired helically in the supine position on a range
of clinical whole-body multidetector CT machines (Siemens
SOMATOM Sensation 16, Siemens SOMATOM Sensation 64,
Siemens SOMATOM Deﬁnition Flash, Siemens SOMATOM Deﬁni-
tion ASþ, GE Medical Systems Discovery 690). Reconstructed axial
slice thickness ranged from 0.75 to 1.5 mm. Peak kV was 120 kV.
When available from the anonymised metadata, recorded exposure
ranged from 67 to 274 mAs, varying due to routine use of dose
limiting. All acquisitions were processed with a standard smooth-
edge body reconstruction kernel. No record of symptoms or clin-
ical assessment of hip osteoarthritis was taken at the time of
scanning.Imaging review was performed on a workstation (Osirix v4.0
32-bit, http://www.osirix-viewer.com/, on a v5, 2 iMac, Apple,
Cupertino, http://www.apple.com/) using the 3D MPR function
with 200% screen zoom, and ﬁxed window level (1800 HU) and
width (500 HU). Axial oblique, sagittal oblique and coronal oblique
planes were set to the patient’s vertical axis and the axis from the
centre of the femoral head to the centre of the femoral neck, with
the reviewer free to move around the hip joint in these planes (SI
Figs. 1 and 2).
Imaging review was performed by a single radiologist who had
completed UK specialist training with musculoskeletal sub-
specialisation (TT). Imaging data were anonymised for all patient
identiﬁers apart from their trial ID number. All distance measure-
ments were made using electronic callipers provided in the Osirix
software.
Scoresheet development
In developing HOAMS, Roemer et al. (2011) recognised that the
structure of the hip joint and its sector of near spherical articular
surface posed signiﬁcant topographic challenges15. Our scoresheet
[Fig. 1] was created to record the distribution and severity of dis-
ease features around the hip joint with sector divisions of the ac-
etabulum, femoral head, and femoral headeneck junction. Radial
divisions every 30 (resulting in 12 subdivisions) were inspired by
Stelzeneder et al. (2012)22, circumferential divisions by Alvarez et al.
(2005)23. This provided 24 acetabular sectors (12 medial, 12
lateral); 26 femoral head sectors (12 medial, 12 lateral, 2 foveal);
and 24 femoral headeneck junction sectors (12 medial, 12 lateral).
Acetabular sectors were grouped into seven relevant joint space
zones: superolateral, superomedial, anterior, medial, poster-
omedial, posterolateral, and inferoposterior. Fig. 2 shows how the
scoresheet sectors correlate with 3D location on the acetabulum
and femoral head/neck.
While the division of axial oblique, sagittal oblique and coronal
oblique planes was consistently represented by ﬁxed MPR tool
crosshairs for each hip, subsequent sector divisions in these MPR
images were subjectively assessed by the reviewer.
Feature assessment
Imaging assessment focused on three bone-related features of
osteoarthritis: (1) osteophytes, (2) subchondral cysts, and (3) JSW.
Although a recognised radiographic feature of hip osteoarthritis,
subchondral bone sclerosis was not assessed because it was
considered too unreliable for subjective assessment based on pre-
liminary study. The full guide for assessing features is included in
the Supplementary Information (Si).
(1). Osteophytes
No CT deﬁnition for an osteophyte exists and so, based on the
characterisation of different stages of osteophyte development by
Gelse et al. (2003)24, we derived the following deﬁnition:
“An osteocartilagenous outgrowth or spur with a bony base and
cartilaginous cap arising from the periosteum at the junction be-
tween articular cartilage and bone, excluding enthesophytes at the
point of ligamentous insertion.”
Osteophyte severity was scored as: 0 ¼ none; 1 ¼ possible;
2 ¼ deﬁnite osteophyte 5 mm from base to tip; 3 ¼ deﬁnite
osteophyte>5mm from base to tip. This scorewas registered in the
appropriate sector. If an osteophyte appeared to occupy more than
one sector, then sectors were marked as containing it if >50%
occupied (see osteophyte assessment e SI Fig. 3 & Table 1).
Fig. 1. Scoresheet for assessing bony features of hip osteoarthritis: osteophytes, subchondral cysts and JSW. Cross-hatched areas represent anatomically irrelevant sites (e.g. the
femoral neck medulla and non-representative regions of the hip joint space). Dark grey sectors represent those excluded from severity mapping analysis. The reviewer is asked to
record if there is bony deformity of the femoral head and can leave additional comment in the ‘notes’ box. The small inset ﬁgure of the acetabulum with each region assigned a
different colour is a reminder of the seven the distinct joint space zones, as displayed in Fig. 2.
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No assessment of subchondral cyst distribution or severity has
been described with clinical CT, however there have been radio-
graphic and CT studies of the proximal femur that have described
their appearance25,26. Using these reports, with recognition thatresolution of clinical CTmay limit the detection of overlying cortical
breaks, we formulated the following deﬁnition for our study:
“A low-density region in subchondral bone, usually with a sclerotic
rim. Connection with the articular surface need not be visible.”
Fig. 2. Sector representations visually correlated between 3D structure and the stylised scoresheet as demonstrated on the right hip and left acetabulum. These sides are chosen for
ease of conceptualistaion for the ﬁrst-time reader. Cross-hatched regions represent anatomically irrelevant sites. Top row: Orientation images for the femoral head and neck
demonstrated with the anterior view of a right femur. Numbered anterior sectors show how they are represented in a 3D model. The cyan line represents the coronal oblique plane
cast through the vertical; the purple line represents the axial oblique plane cast along the long axis from the centre of the femoral head and neck; the orange line represents the
orthogonal sagittal oblique plane. Bottom row: Orientation images for the acetabulum and resultant joint space zones demonstrated with a lateral the view of the left acetabulum.
The cyan line again represents the coronal oblique plane through the vertical; the purple line again represents the axial oblique plane along the long axis from the centre of the
femoral head and neck.
Table I
Frequency of most severe feature score for each hip (ntotal)
Frequency of most severe feature score, ntotal (%)
Feature 0 1 2 3 Total
Osteophyte 82 (18) 136 (29.8) 209 (45.8) 29 (6.4) 456 (100)
Cyst 348 (76.3) 36 (7.9) 40 (8.8) 32 (7) 456 (100)
JSW 0 (0) 1 (0.2) 77 (16.9) 378 (82.9) 456 (100)
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deﬁnite cyst 5 mm in maximal diameter; 3 ¼ single deﬁnite cyst
>5 mm in maximal diameter or multiple cysts 5 mm in maximal
diameter in the same sector. This score was registered in the
appropriate sector. If a cyst occupied more than one sector, then
they were all marked as containing it if >50% occupied. If >10 mm
cyst was in multiple sectors then occupied sectors were scored 3
(see subchondral cyst assessment e SI Fig. 4 & Table 2).
(3). JSW
Given the limitations of unenhanced clinical CT in deﬁning
femoral and acetabular cartilage thickness independently, the
surrogate marker of JSW was used. There have been several mea-
sures of JSW applied to radiographs but not for manual measure-
ment in CT. We decided to divide JSW categories according to Croft
et al. (1990) with an arbitrary lower limit of normal chosen at
4.5 mm27. The narrowest distance measured from cortical surface
to cortical surface with electronic calipers was recorded in pre-
determined zones [Fig. 2], including any cortical bony protrusion or
osteophyte. JSW within any given sector was thus scored as:
0 ¼ 4.5 mm; 1 ¼ 2.5e4.5 mm; 2 ¼ 1.5e2.5 mm; 3 ¼ <1.5 mm
(see JSW assessment e SI Figs. 1 & 2).
Adobe Photoshop CS4 v11.0.2 (Adobe Systems Inc., www.adobe.
com.uk) was used to create and ﬁll the scoresheets and severity
maps. It took less than 5 min to grade a single hip with severe
disease using the methods described.Feature severity mapping
In order to visualise the most frequent anatomical location
of hip osteoarthritis features across the cohort, we devised a
new technique of data presentation called ‘feature severity
mapping’. The purpose of feature severity mapping is to give a
3D visual representation of where most severe features are
located in a cohort, identifying the most likely location of a
given disease feature by using a colour proportion scale. If
features coincide at speciﬁc anatomical locations and different
severities, then this might give useful information on the
evolution of disease.
An empty ‘cumulative’ scoresheet was prepared for scores of 1, 2
and 3 for each of osteophytes, subchondral cysts and JSW. Original
assessment scoresheets were then reviewed in turn for each of the
456 femurs in the cohort. The anatomical sector containing the
most severe score for each feature was identiﬁed and the count
increased by one in this sector on the appropriate cumulative
Fig. 3. 2D feature severity maps for osteophytes represented on the stylised scoresheets with excluded sectors in grey. Features of a given score appeared most often in the sector
coloured with deepest shade of red (the nmax sector, labelled with *), with the remaining sectors for that score shaded proportionally according to the colour scale.
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was increased by one in each sector. This method assumed linearity
in the original feature scoring (from 0 to 3) and in the increasing
cumulative score counts. The process was repeated for each hip in
the cohort. The cumulative count in each sector was then calculatedas a proportion of the number of counts in the highest scoring
sector for the given feature score, called the nmax sector. Pro-
portions were represented as a colour scale (osteophytes ¼ red,
cysts ¼ blue, JSW ¼ purple) using the darkest shade for the nmax
sector, increasing in brightness to white for a proportion of zero.
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surface of the proximal femur, with JSW results presented on a
stylised 2D scoresheet map. We recorded the total number of hips
whose most severe feature score was 0, 1, 2 and 3 respectively,
calling this number ntotal.
There were several exclusion zones for this exercise (featured as
dark grey sectors in Fig. 1):
 ‘Osteophytes’ around the fovea, which were considered to be
enthesophytes;
 ‘Osteophytes’ at the anterior femoral neck and headeneck
junction, which were considered to be a reaction area rather
than a true osteophyte28;
 ‘Cysts’ at the anterior femoral neck and headeneck junction,
which were considered to be a herniation pit28;
 ‘Cysts’ circumferentially around the femoral neck where not
beneath articular cartilage, which were considered to be her-
niation pit variants; and
 All features around the acetabulum, because of indeterminacy
between an acetabular osteophyte vs acetabular lipping or labral
calciﬁcation and whether a low-density lesion in the acetabular
rim was a true subchondral cyst or an invading labral cyst.
Excluding the acetabulum also signiﬁcantly reduced the time for
image analysis.
Results
Frequency of features
The frequencies of the most severe disease feature scores from
across the cohort (ntotal) are given in Table I. Although these
provide an overview of feature prevalence, this loses the topo-
graphic 3D information obtained from imaging assessment, hence
the creation of feature severity maps to show their sector
distribution.Fig. 4. 3D feature severity maps for osteophytes represented on a canonical right femur mo
sector coloured with deepest shade of red (the nmax sector, labelled *), with the remainingOsteophytes
There were 136 hips (ntotal ¼ 136) with an osteophyte score of 1
as most severe; 58 of these (43%) were in the nmax sector. There
were 209 hips with an osteophyte score of 2 as most severe; 128 of
these (61%) were in the nmax sector. There were 29 hips with an
osteophyte score of 3 as the most severe; 20 of these (69%) were in
the nmax sector. There were an additional 82 hips free of osteo-
phytes (not shown). See Fig. 3 for a 2D visual representation of
these results on the stylised scoresheet sectors and Fig. 4 for the
same results represented in 3D on a canonical femur.Subchondral cysts
There were 36 hips with a cyst score of 1 as most severe
(ntotal¼ 36); 5 of these (14%) were in the nmax sector. There were 40
hips with a severest cyst score of two (ntotal ¼ 40); 6 of these (15%)
were in the nmax sector. There were 32 hips with a cyst score of 3 as
most severe (ntotal ¼ 32); 5 of these (16%) were in the nmax sector.
There were an additional 348 hips free of cysts (not shown). See
Fig. 5 for a 2D visual representation of these results on the stylised
scoresheet sectors and Fig. 6 for the same results represented in 3D
on a canonical femur.JSW
Only 1 hip had amost severe feature score of 1, with this score in
every joint space zone (ntotal and nmax¼ 1). Therewere 77 hips with
a JSW score of 2 as most severe (ntotal ¼ 77); 61 of these (79%) were
in the nmax sector. Similarly, therewere 378 hips with a JSW score of
3 as most severe (ntotal ¼ 378); 280 of these (74%) were in the nmax
sector. No hips had a score of 0 across all sectors. See Fig. 7 for a
visual representation of these results on the stylised 2D scoresheet
sectors.del with excluded sectors in grey. Features of a given score appeared most often in the
sectors for that score shaded proportionally according to the colour scale.
Fig. 5. 2D feature severity maps for subchondral cysts represented on the stylised scoresheets with excluded sectors in grey. Features of a given score appeared most often in the
sector coloured with deepest shade of blue (the nmax sector, labelled *), with the remaining sectors for that score shaded proportionally according to the colour scale.
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CT has not been a popular choice for the assessment of osteo-
arthritis. Despite its widespread availability and early promise as a
diagnostic tool29, recent reviews have overlooked the technique,
focussing instead on MRI30e33. In June 2011, Hunter and Ecksteinreported on quantitative CT (QCT) assessment of bone mineral
density in knee osteoarthritis in conference proceedings34, while
Bousson et al. (2012) have developed the Medical Image Analysis
Framework born from osteoporosis assessment for application in
osteoarthritis at the knee19. Nonetheless, published CTmethods are
rare compared to those that feature radiography and/or MRI.
Fig. 6. 3D feature severity maps for subchondral cysts represented on a right canonical femur model with excluded sectors in grey. Features of a given score appeared most often in
the sector coloured with deepest shade of blue (the nmax sector, labelled *), with the remaining sectors for that score shaded proportionally according to the colour scale.
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to radiography and its inability to show cartilage damage in the
absence of intra-articular contrast medium. CT arthrography
(requiring an invasive intra-articular injection to induce contrast
between bone, articular cartilage and the joint space) has been
studied in relation to osteoarthritis23, but ﬁnds little clinical
application outside of patients in whom MRI is contraindicated.
Contrast-enhanced peripheral quantitative CT has been used as a
research tool in the assessment of proteoglycan content of articular
cartilage in much the same way as dGEMRIC (delayed gadolinium
enhanced MRI of cartilage), but has only been published as an
in vitro research method35.
In this ﬁrst of two papers on unenhanced clinical CT assessment
of hip osteoarthritis, our new technique of feature severity map-
ping has been able to demonstrate the 3D distribution of disease
features around the proximal femur and hip joint space in a cohort
of adult women. The most frequent location of osteophytes was at
the inferoposterior femoral headeneck junction across all scores
[Figs. 3 and 4], a site partially obscured in anteroposterior (AP)
radiographs but considered important for correct hip joint align-
ment36 and often encountered at hip arthroscopy where they are
considered difﬁcult to reach and a challenge to remove37. Osteo-
phytes were also frequently recorded at the superolateral femoral
headeneck junction across all scores [Figs. 3 and 4], a ﬁnding that
could be explained by reaction to impingement with the adjacent
osseous acetabulum or ﬁbrocartilagenous labrum38. These features
are in a recognised distribution of a marginal peri-articular osteo-
phytic process. Subarticular and epi-articular osteophyteswere rare
in this cohort, even as an extension of the peri-articular osteo-
phytes seen in severe disease39.
The overall frequency of subchondral cysts was low compared to
osteophytes (deﬁnite in 15.8% vs 52.2%). Feature severity mapping
showed no pattern to their distribution, but severe subchondralcysts were most frequent in the superior weight-bearing surface of
the femoral head [Figs. 5 and 6]. The presence of single subcortical
cysts at different sites around the femoral headeneck junction
suggests that they may be from a similar phenomenon to the
anterosuperior herniation pit28, but at a different site (SI Fig. 5). The
relationship of subcortical pits with hip biomechanics and joint
degeneration is yet to be understood.
There have been cadaveric studies that have mapped the 3D
distribution of acetabular cartilage thickness using CT arthrog-
raphy40,41 and contact-type 3D digitization42, but until now no CT
technique had approached the entity of hip JSW in vivo. We report
two important JSW ﬁndings. Firstly, minimum JSW was less than
2.5 mm in 99.8% and less than 1.5 mm in 82.9% of hips. Even though
a record of symptomatic disease was not taken, it seems unlikely
that all hipsmeeting JSW thresholds set by Croft et al. (1990) should
have cartilage damage27. This could be explained by possible
dependent behaviour of cartilage (i.e., being compressed by phys-
ical pressure in the supine position to narrow inter-bone distance),
or by the fact that we do not yet know the threshold for ‘normal’ CT-
recorded JSW. The former could be answered by comparing JSW
between supine and prone acquisitions in the same individual,
although one literature review reported on a study that showed no
difference in JSW between pelvic radiographs taken supine and
standing43. The latter could be answered by correlating sites and
severity of joint space narrowing with symptomatic disease. Sec-
ondly, we identiﬁed a propensity for narrowest joint space to be at
the posterior aspect [Fig. 7]. This co-localises with the ﬁnding of
thinnest cartilage in the posterior aspect of the acetabulum as
demonstrated by a digitized proximity mapping technique in
cadaveric specimens42. There is also a visual concordance of JSW
<1.5 mm and osteophytes at all scores at the posterolateral and
inferoposterior aspect of the hip joint. This region is partially
obscured in conventional AP radiographs, so more needs to be
Fig. 7. Feature severity maps for JSW represented in the 2D stylised joint zones. Fea-
tures of a given score appeared most often in the sector coloured with deepest shade of
purple (the nmax sector, labelled *), with the remaining sectors for that score shaded
proportionally according to the colour scale.
T.D. Turmezei et al. / Osteoarthritis and Cartilage 22 (2014) 1488e14981496understood about why features of disease are so prevalent here.
The skewed distribution of JSW towards values less than 2.5 mm
(99.8% of hips) demonstrates that further study with CT will also
need to redress category division boundaries to allow for discrim-
ination of smaller JSWs in a study population.Limitations
We recognise that imaging features have not been correlated
with clinical symptoms such as pain and reduced function, the
former of which is still poorly understood in relation to structuraldisease44. There will also be an overlap between normal ageing and
osteoarthritis because the prevalence of symptomatic and radio-
logical hip disease both increase with age45, meaning that they
cannot be separated from an aetiological perspective. We are now
conducting a follow-on study that will correlate THR as a clinical
determinant of disease with radiological features in a cohort with
baseline and 5-year follow-up CT imaging, and investigate disease
pattern in males.
We also recognise that radiographic JSW can vary within the hip
joint46, raising the question of where JSWmeasurements should be
made. Errors introduced by manual MPR alignment and electronic
caliper measurements in the assessment process must also be
considered. Given that results are presented here as the output of a
descriptive study, these factors have not introduced numerical er-
ror into signiﬁcance testing, and so can be considered consistent
across all measurements. However, they are discussed in full detail
in our next paper in relation to the development and reliability
testing of a new CT grading system for hip osteoarthritis, which we
also compare against a gold standard of K&L grading of radiographs
digitally reconstructed from the same CT data50.
This has been an important ﬁrst step in CT assessment of
radiological features that are associated large joint osteoarthritis,
especially since one cohort study involving nearly 3,000 partici-
pants with a 2.5% THR rate has already shown that the presence of
radiographic osteoarthritis is strongly linked with future replace-
ment, regardless of symptoms8. We believe that reliance on radi-
ography may be missing important structural features of disease
such as the collocated posterior osteophytes and joint space nar-
rowing that we have been able to demonstrate with CT.
Applications
There are several important potential roles for CT-based feature
severity mapping. With the application of appropriate statistical
testing such as statistical parametric mapping47, individual score-
sheets and cohort severity maps could be compared with those at
follow-up in clinical trials or epidemiological studies to assess
changes in feature severity and distribution. They could be applied
in a cohort of symptomatic and asymptomatic volunteers to
address how much aging and other risk factors are responsible for
imaging features. They also have the capability to inform us about
thumbprints of different disease phenotypes (for example, devel-
oping on the concept of atrophic vs hypertrophic disease6,7) and
their signiﬁcance in onset, progression and response to therapy for
hip osteoarthritis. The outcome of such work would be instru-
mental for genetic and therapeutic studies48. It is likely that
radiographic imaging has not been able to establish phenotypes
accurately enough to yield the most from the current wave of ge-
netic studies, and so the ability of CT to deﬁne these features more
accurately needs consideration.
Finally, a recent study by Felson et al. (2013) suggested that
osteoarthritis of the knee was a disease with inertia, though ra-
diographs were precarious in the veracity with which they were
able to represent disease at different time points49. The application
of feature severity mapping using multiplanar CT image recon-
struction would remove such variability, including positional and
geometric distortion factors that can confound radiographic disease
assessment.
Conclusion
This study has reported on feature severity mapping, a new
descriptive technique for 3D assessment of imaging features of hip
osteoarthritis from unenhanced clinical CT. We have identiﬁed that
the inferoposterior and posterolateral hip joint are important sites
T.D. Turmezei et al. / Osteoarthritis and Cartilage 22 (2014) 1488e1498 1497of osteophyte and JSW collocation. This region is poorly repre-
sented in AP radiographs and so more needs to be understood
about how and why radiological features of disease are prevalent
here. The superolateral femoral headeneck junction is also an
important site of osteophyte development in a location that sug-
gests it could be related to impingement phenomena. Finally, we
believe that feature severity mapping has the potential to develop
in several important roles for the assessment of hip osteoarthritis,
including phenotyping and sensitive 3D disease representation. We
take this work forward with our follow-up paper on the develop-
ment and reliability testing of a new CT grading for hip
osteoarthritis50.
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